Abstract Polypyrrole(PPy)/BiOCl hybrid composites were synthesized for the first time via one-step chemical oxidation process by addition of Bi 2 O 3 nanoparticle in an aqueous solution of pyrrole monomer/FeCl 3 oxidant agent. X-ray diffractions (XRD), field emission scanning electron microscopy (FESEM), and thermogravimetric technique confirmed the growth of BiOCl in PPy matrix. From the XRD, the amount of BiOCl in PPy matrix increased with increasing of Bi 2 O 3 addition in pyrrole solution. The FESEM images indicated the presence of two phases related to PPy and BiOCl. Thermal stability of PPy/BiOCl hybrid composites has been improved in the range 300-800 K and degraded above 800°C, i.e., decomposition point of BiOCl. Fourier transforms infrared spectroscopy point to a mutual interaction between PPy and BiOCl system. The characteristic optical absorption peaks of PPy shifted to higher wavelength in PPy/BiOCl(5%) composites and disappeared at PPy/BiOCl(20%). From electrical measurement, the PPy/BiOCl hybrid composites have higher conductivity than PPy, where the maximum conductivity observed was for PPy/BiOCl(5%). The conducting mechanism of PPy and PPy/BiOCl composites followed three-dimensional Mott variable range hopping in the range of 300-150 K and has involved fluctuation-assisted tunneling phenomenon below 150 K.
Introductions
Organic-inorganic hybrid is an interesting class of materials that may exhibit novel physicochemical properties [1] [2] [3] [4] [5] . This has broadened the application of these materials to various fields such as optics, iono-electronics, photocatalysis, mechanics, and biology [4, [6] [7] [8] . Many researches have been devoted to designing and fabricating new organic-inorganic hybrids to explore their properties [8] [9] [10] . Recently, hybrids of organic-inorganic-based Bi oxides have received some interest due to their multifunctional properties with possible applications in medicine and photocatalysis [8, 11, 12] .
Organic materials such as conducting polymers have been considered as promise host for several inorganic materials due to their electrical and optical properties close to that of metals and semiconductors [13] [14] [15] [16] . Conducting polymer-based hybrids are promised materials for electrochemical sensing applications [17] . Among conducting polymers, polypyrrole (PPy) has had a considerable interest due to its excellent chemical stability, conductivity, biocompatibility, and various applications [18, 19] . Bi-based oxides have shown an interesting physicochemical behavior such as photocatalyst property [8, [20] [21] [22] . The introduction of PPy matrix with Bi-based compound may result in synergic effect between the two systems [20] . For example, it has been found that PPy/Bi 2 O 2 CO 3 composites showed enhancement of photocatalytic activity for degradation of Rhodamine-B [9] .
Recently, considerable attention was paid to synthesize and characterize bismuth oxychloride (BiOCl) nanostructure [23] [24] [25] . The BiOCl has a tetragonal crystal structure, where Bi atoms are coordinated by four Cl and O atoms that construct a decahedron [26] . This forms layered-like structure of Cl-Bi-O-Bi-Cl sheets that glued to each other by nonbonding interaction through the Cl atoms along the c-axis [27] . The BiOCl has anisotropic structure due to strong intralayer bonding and the weak interlayer van der Waals interaction which resulted in anisotropic physical properties that make it suitable for various applications such as cosmetics, pharmaceuticals, battery cathode, photocatalysis, and photoelectrochemical devices [27] . Furthermore, BiOCl nanostructure can be used as an anode for sodium-ion batteries applications [23] . Incorporation of BiOCl into conducting polymers such as PPy may result in the formation of a material with complementary behavior, which is important from both fundamental and technological points of view [8, 9, 11, 12] . In this paper, we report details of facile preparation and formation mechanism of PPy/BiOCl hybrid composites using chemical oxidation method. Further, the structural, microstructure, thermal, optical, and electrical properties of composites were analyzed and discussed in details.
Experimental details Materials
Pyrrole monomer (Acros, 99% extra pure) was purified by double distillation at 404 K in atmospheric pressure and stored at 277 K to avoid any degradation. Iron (III) chloride hexahydrate (FeCl 3 .6H 2 O), (HMBG Chemicals) was used as oxidant agent. Bismuth oxide nanoparticles (100-200 nm) were obtained from Aldrich. The samples were prepared using distilled water as a solvent.
Synthesis of PPy and PPy/BiOCl composites
Pure PPy conducting polymer was synthesized by chemical oxidative polymerization method through the following procedure. Pyrrole monomer (0.2 mol) was dissolved in distilled water and mixed with FeCl 3 (0.4 mol). The solution was stirred for 6 h at room temperature. The resultant powders of PPy were filtered and washed thoroughly using distilled water to eliminate the adhered Fe 3+ and then dried in vacuum at 50°C for 36 h. For the preparation of PPy/BiOCl hybrid composites, several amounts of Bi 2 O 3 nanoparticles (5, 10, 15, and 20 weight percentage (wt%) of total weight of pure PPy obtained from previous solution) were added to pyrrole and FeCl 3 solution. Same procedure used above was repeated to get PPy/BiOCl composite powders.
Characterizations
The samples' phases and crystal structure were studied by X-ray diffraction technique (XRD) using Panalytical X'pert Pro PW3040 XRD system with CuKα radiation source (λ = 1.5418 Å). The samples' microstructure was examined by field emission scanning electron microscopy (FESEM) using JEOL microscope model SM-7600F. Thermal stability of samples was evaluated by thermogravimetric techniques using thermal analyzer, TGS/SDTA 851e (Mettler Toledo). The optical absorption and reflectance of samples were measured using Shimadzu UV-VIS-NIR spectrophotometer (UV-3600) system. For electrical measurements, the PPy and PPy/BiOCl powders were ground and pressed into pellets at 7 ton/cm 2 pressure using a Carver Hydraulic Presses. The pressure used was the optimum value needed to obtain compact, crack-free PPy and PPy/ BiOCl pellets for electrical measurement. The pellets were then polished by using fine 2000 grit sandpaper to make parallel surfaces and to remove any impurities. The electrical resistivity of pellets was measured by Van der Pauw method in the temperature range of 60-300 K. The pellet was mounted on sample's holder where it connected with four copper wires using silver paint. The setup was placed inside closed cycle Helium cryostat (CTI-cryogenic). Keithley 6221 was used as current source that supply dc current while Keithley 2182A Nano-voltmeter was used to measure the voltage drop across the sample. The system temperature was controlled using Lakeshore 325 temperature controller.
Result and discussions
Structure analysis Figure 1b shows the Rietveld refinement of BiOCl(20%) with goodness fit of 1.83. The calculated lattice parameters of the sample are a = b = 3.8907 Å and c = 7.3680 Å.
Formation mechanism
The oxidation process of pyrrole monomer by FeCl 3 oxidant agent resulted in the formation of PPy beside some amount of HCl according to the reaction described by Omastova et al. [29] as shown in Scheme 1a. The BiOCl can be easily formed by reaction of Bi 2 O 3 and HCl as shown in Scheme 1b [23, 25] . The presence of Bi 2 O 3 in nanoparticles (100-200 nm) is believed to facilitate the above reaction. Figure 2 shows FESEM images of PPy and PPy/BiOCl hybrid composites. The PPy comprised of grains of globular-like shape with size ≥150 nm. These grains had agglomerated to form three-dimensional cauliflower-like structures [30] . In PPy/BiOCl(5%) hybrid composite, the PPy grains were reduced and attached with small particulate that could be related to BiOCl phase. The BiOCl phase grew in sheets-like structure along globular-like shape grains of PPy matrix as can be clearly seen in FESEM image of PPy/BiOCl(20%) hybrid composite, Fig. 2c . Figure 3 depicts the thermal stability of Bi 2 O 3 , PPy, and PPy/ BiOCl composites. The weight loss of PPy, 0.08%, started at 330 K and gradually increased with the increment of temperature. The Bi 2 O 3 shows better thermal stability with maximum weight loss,~1%, occurred around 777 K. In general, the PPy/BiOCl composites exhibited better thermal stability than PPy in the range 300-800 K. The weight loss of PPy and PPy/BiOCl(5, 10, 15, and 20%) at 740 K was~29, 23, 28, 25, and 21%, respectively. However, the PPy/BiOCl hybrid composites show faster weight loss than PPy above 800 K. This behavior occurred because the BiOCl started to decompose above the previous temperature [31] . This gives another evidence of the formation of BiOCl phase in PPy matrix, which is in accordance with XRD and FESEM results. Intensity (a.u) Fig. 4 . The characteristic peaks of PPy related to stretching vibration of C = C, C-N, and C-C in plane bending of C-H and out-of-plane deformation of C-H were observed at 1527, 1447, 1289,1027, and 867 cm
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, respectively. The characteristic peaks of PPy, which are C = C, C-C, and C-H, shifted to lower wavenumber in PPy/BiOCl(5%). However, it shifted to higher wavenumber at a higher amount of BiOCl in PPy matrix. The conjugated length could be evaluated from absorption intensities ratio of bands at~1530 and 1450 cm [33, 34] . In comparing with PPy, the PPy/BiOCl had a symmetric peak at 432 cm , which shifted to 509 cm −1 in higher amount BiOCl, i.e., PPy/BiOCl(20%). This peak is assigned to Bi-O of BiOCl system, which according to literature appeared at~520 cm −1 in pure BiOCl [35] . These results indicate a presence of mutual interaction between PPy matrix BiOCl and further show a formation of PPy/BiOCl composite [36] .
Optical properties analysis Figure 5a shows optical absorption of PPy, PPy/BiOCl(5%), and PPy/BiOCl(20%) composites. The PPy has two characteristic absorption peaks at 340 and 600 nm, which are related to the transition from valence band to the antibonding polaron state and localized polaron band, which indicate the oxidization of PPy and confirm the conducting characteristic of the polymer [37, 38] . The previous peaks were shifted to higher wavelength in PPy/BiOCl(5%) implying the presence of interaction between the PPy chain and BiOCl system [13] . As the amount of BiOCl increased, i.e., 20%, this interaction increased and resulted in disappearing of characteristic absorption peaks of PPy [38] . On the other hand, the PPy/BiOCl(20%) has a strong absorption at 300 nm besides another absorption at 260 nm that also exists in PPy/BiOCl(5%). The previous peaks, i.e., 300 and 260 nm, are characteristic absorption peaks of the BiOCl system [39] . The band gap has been calculated from diffuse reflectance spectrum of PPy/BiOCl(15%) (see Fig. 5b ). The band gap was determined from (F(R∞)hv) n against hv, where n was equal to ½ for indirect band gap of BiOCl [40] . The measured band gap was 3.25 eV, which is in good agreement with that reported in the literature for BiOCl system [39, 41, 42] .
Electrical properties analysis
In order to gain more information about role of BiOCl growth on conductivity and conducting mechanism of PPy, the temperature dependence of conductivity was measured in the range of 60-300 K. At room temperature (RT), the samples' conductivity increased from 0.127 S cm −1 for PPy to 0.645 S cm −1 for PPy/BiOCl(5%). The conductivity decreased with further growth of BiOCl in PPy matrix but it was still higher than that of pure PPy (see Table 1 ). This behavior may be due to the fact that BiOCl system is semiconductor and have hindered the transport of electrons across the grain boundary of PPy. In the same time, as evidence from FTIR, there was an interaction between BiOCl and PPy matrix which may change the PPy electronic structure and result in increasing of σ RT of composites. Another semiconductor such as SiC has the same role in the electrical property of PPy where optimum σ RT obtained at small amount of SiC, 10%, and has degraded above this ratio [43] . The σ of PPy and PPy/BiOCl hybrid composites was decreased with decreasing of temperature which is a character of semiconducting behavior [44] . Beside, all samples have σ RT lower than 1 S cm −1 which mean the samples are in insulating state and their conductivity was controlled by phonon-assisted hopping through localize state carriers [45] . It was found that Scheme 1 a Formation of PPy by chemical oxidation synthesis using FeCl 3 as oxidant agent as described by [28] . , of σ down to nearly 150 K as shown in Fig. 6 . The 3D Mott VRH is commonly used to describe conducting mechanism in PPy and its composites [46, 47] and can be expressed experimentally by [48, 49] 
where T 0 is a Mott's characteristic temperature, σ 0 is the hopping conductivity (Fig. 6a, b) . The T 0 and σ 0 are given by
where e is the electron charge, α is the coefficient of exponential decay of the localized states and it is equal to 1/ξ(localized length), N(E F ) is density state related to doping level near the Fermi level, k B Boltzmann constant, and ν ph is the phonon frequency, 10 13 Hz [48] . The ξ is related conjugation length ) curve (Fig. 6) . The α and N(E F ) were evaluated from Eqs. (2) and (3). Other 3D Mott's VRH parameters such as hopping distance, R hop , and the average hopping energy, W hop , were calculated using [48] 
All 3D Mott VRH parameters are given in Table 1 . The R hop and W hop have fulfilled the Mott VRH condition, i.e., R hop /ξ > 1 and W hop > k B T [51] . The values of T 0 and σ 0 are in good agreement with previous reports in PPy and its composites [47, 50] . It can be noted that the T 0 decreases while σ 0 increases in composite samples. This phenomenon was more pronounce in PPy containing 5% of BiOCl. This phenomenon usually occurs due to the increasing of PPy structure order (less disorder mean high conjugation length and ξ increase) and/or increase of density state N(E F ) [32] . However, according to FTIR result assessment, conjugation length tends to decrease in composite samples. This also was conferred from the value of the localize length ξ that tend to decrease, (ξ = 1/ α), in composite samples. Hence, it can be concluded that conductivity enhancement in composite samples may cause by an increment of carrier concentration due to an increase of N(E F ).
Below 150 K, the σ has slowly deviated from linearity of Mott VRH equation. This deviation becomes higher as the temperature decreases which mean, another conducting mechanism has emerged. The EfrosShklovskii variable range hopping (ES VRH) represents by ln (σ T) vs. T −1/2 and fluctuation-assisted tunneling represents by ln (σ) vs. T 3/2 have been used to evaluate conducting mechanism of PPy at low temperature [52, 53] . The ES VRH is usually occurred at low temperate below 10 K in PPy thin film and bulk [54, 55] and at a higher temperature, 96 K, in PPy with a microtube-like morphology which was believed to be due to the enhancement of electron-electron interaction that involved in this mechanism [56] . On the other hand, the fluctuationassisted tunneling was proposed to explain dc conductivity of inhomogeneous PPy system at low temperature. In this model, it was assumed that electron would be coupled with phonon in excited mode which will make it transfer from one point to another [53] . Taunk et al. have suggested that the deviation from 3D Mott VRH in PPypoly(vinylidene fluoride) composites may be due to the dominance of tunneling mechanism in the low temperature range [57] . In this work, the fluctuation-assisted tunneling model provide better fitting coefficient R 2 than ES VRH for all samples (see Fig. 7 ). Hence, it is believed that below 150 K the conducting mechanism of samples involved fluctuation-assisted tunneling phenomenon and become more dominance with decreasing of temperature [53, 57] . . Solid line represents linear fit line
Conclusion
The PPy/BiOCl hybrid composites have been successfully prepared by chemical oxidation of pyrrole in the presence of Bi 2 O 3 nanoparticles. All observed XRD peaks were related to BiOCl crystal structure. The absence of any peaks related to Bi 2 O 3 indicating that the added the Bi 2 O 3 had been fully converted to BiOCl phase. The FESEM images show that the BiOCl was grown in sheets-like shape incorporated in PPy matrix. In comparing with PPy, the PPy/BiOCl had faster weight loss above 800 K, which is the decomposition temperature of BiOCl. From FTIR, there was a mutual interaction between PPy matrix and BiOCl, which indicate a formation of PPy/BiOCl composite. The characteristic absorption peaks of PPy shifted to higher wavelength in PPy/BiOCl(5%) and disappeared at PPy/BiOCl(20%), where absorption peaks of BiOCl have been observed. The conductivity of PPy/BiOCl is higher than that of pure PPy. The conductivity increased first in PPy/BiOCl(5%) and then decreased with further growth of BiOCl. The conducting mechanism of PPy and PPy/BiOCl system was dominated by Mott's VRH at (300-150 K) and involve fluctuation-assisted tunneling phenomenon below 150 K. The enhancement of conductivity in composite samples may cause by an increment of carrier concentration due to an increase of density state of doping levels, N(E F ). The PPy/ BiOCl hybrid composites are expected to be promise materials for photocatalysis and batteries applications.
